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depth, except for differences in level caused by the wind speed conditions existing
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The difference in ambient noise level between hydrophone depths as a function of
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SUMMARY OF A ONE-YEAR AMBIENT NOISE

MEASUREMENT PROGRAM OFF BERMUDA

I. INTRODUCTION

The results presented in this report were obtained during a one-year ambient

noise measurement program conducted at the Tudor Hill Laboratory in Bermuda
between January and December 1966. The measurements were made to obtain basic

information regarding simultaneously recorded ambient noise spectra levels in the
deep ocean as a function of hydrophone depth, hydrophone location (i. e., bottom

mounted or suspended), hydrophone separation, environmental conditions, and sea-.
sonal variations. The acous tic data were obtained from 5 omnidirectional hydrophones

selected from among various arrays cabled to the Tudor Hill Laboratory (see figure 1).*
The depth of the hydrophones (figure 2) ranged from 30 to 2500 fm (55 to 4500 m).

DATA RECORDING

The ambient noise signals from each of the hydrophones were automatically
recorded simultaneously every 2 hr for 2 min periods. A total of 12 samples per
day were recorded on a 10 in. (25.4 cm) reel of magnetic tape (beginning at 1000 one
day and ending at 0800 the following day). The ambient noise levels from these hydro-
phones were recorded on a 7 track 0. 5 in. (1. 27 cm) magnetic tape recorder oper-
ating at a .tape speed of 15 in. /sec (38 cm/sec). Channels 1 through 5 were used

in the FM mode for data signals only and channel 6 was used in the direct mode

(primarily for data sample time identification and voice commentary). A Hyperion
time code generator signal (IRIG Code "B" in the 1 sec time frame) was recorded on
channel 6 as the time base. Wind speed and wave height data were recorded, simul-

tineously with the acoustic data, from a location in the area of the hydrophones. The
wind speed and wave height data were obtained from an anemometer and wavestaff

system located on Argus Island (a fixed platform in the open ocean). The anemometer
was 150 ft (46 m) above the sea surface.

In addition to the instrumentation used for data recording, a visual monitoring

system was provided to establish the presence of contaminating ship noise or other
man-made noises. The system provided a sequential on-line copy of each hydrophone

output through a bank of logit filters (see the block diagram shown in figure 3 ).t The

*Figures first referenced in a section are presented at the end of that section.

.Logit filters have a band ratio defined by 10 log f2 /f1 = 1, which is essentially
the same as for 1/3-octave filters (i.e., 10 log 2-1/3 ;31). However, centerfre-
quencies for the logit filters are at the upper bandedge of conventianal 1/3-octave

filters.
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Am I ambient noise signal from eacti hydrophone output was sequentially scanned once

every 2 hr for 2 min periods. The output of the scanner was then fed to a bank of 7

logitfilters centered at 11, 22, 56, 141, 354, 891, and 1414 Hz. The signallevelfrom

the output of each filter was then fed to 7 channels of an 8 channel Sanborn Tape

"Recorder. A fluctuating direct current signal representing the wind speed level

measured by an anemometer 1ocate(' nn a fixed platform in the vicinity of the hydro-

phones was recorded on 2wupnel S. A marker channel located at the edge of the

Sanborn paper was activJi 0 oach time the recorder was operating in the record

mode. Consequently, for all the ambient noise samples on tape, there is a corre-

sponding SanL'orn trace of one complete scan cycle containing the sequential on-line

levels of each hydrophone output. In essence, the traces represent a daiiy log that

was fr•quenaly referred to in editing the recorded ambient noise samples during

reducti.nn of the taped data.

CALU'r-.-,CION

. cztibrtior ind noire samples were recorded on magnetic tape on a

weekly V.s•.s duriri tht. .:"W year p..riod. Calibration of all signal channels was

performeu in paralF Iu,. _g center frequency sine wave signals for each logit filter

band ranging from ".: iv 1414 Hz. Various calibration measurements during the year

indicated that system gain was maintained to within 1 dB.

DATA PROC L &¶NG

For each 2 min record of ambient noise, the data processing system computed

the mean value of one hundred 1 sec RMS levels in each of the logit filter L 'nds for

t the 11 to 1414 Hz range. Records exhibiting high levels attributable to biotogical

noise, identifiable local shipping, or other man-made noises were discarded. The
Ssingle winrl speed value associated with each 2 min ambient noise record was deter- A

mined by averaging the wind speed o-er a time interval of from approximately 12 min

before the ambient noise record to approximately 12 min after. Wave height values

were determined in the same manner.

4Y

"1E. P. Kelley, Data Processing at the U.S. Navy Underwater Sound Laboratory,

NUSL Technical Report 568, 22 January 1963.

1.2
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II. COMPARISON OF AMBIENT NOJSE AND
WIND SPEED VERSUS TIME

Monthly variations of the ambientnoise level for data z.ecorded from the 2400 fin
(4400 m) hydrophone for each filter band from 11. 2 to 2816, 0 Hz are shown in figure 4
for the entire year. The curve at the bottom of the figure represents the correspond-

2:i::,.:ing monthly wind speed variations. The wide fluctuation of wind speed, especially

for the winter months, is typical of the Bermuda area. Wind speeds as high as 50
kitots and as low as 0 knots are observed on several occasions and the following
qualitative conclusions may be drawn:

I *• The ambient noise level curves shown between 141 and 1414 Hz
bear a striking resemblance to the wind speed curve, indicating
a strong wind dependence in the upper frequency bands. The
dependence appears to decrease with decreasing frequency.

* Very little wind d-pendence is apparent for the curves between
the 17 and 112 Hz bands, except at very high wind velocities.

Wind dependence is observed in the two lowest bands (center
frequencies at 11. and 14 Hz), although to a lesser degree than in the
higher bands.

;i• " 2A. J, Perrone, "Deep-Ocean Ambient Noise Spectra in the Northwest Atlantic,"
ii!!• Journal of the Acoustical Society of America, vol. 46, 1969, pp. 672-770.

SH. 1/il 2
REVERSE BLANK
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III. MONTHLY AMBIENT NOISE SPECTRA AND MEDIAN VALUES

VERSUS HYDROPHONE DEPTH

The data in figure 5 are grouped according to wind speed, and the mean spec-
trum level is plotted versus irequency for eight 5 knot wind speed groups and for
each of the 5 hydrophone depths. The spectra for each hydrophone depth are plotted
on a month-to-month basis to display the monthly variation in the ambient noise
spectra and any variations occurring as a function of depth. *

Also shown in figure 5 are a

1. yearly summary of ambient noise spectra and system noise curve (denoted

by the shaded area) for each hydrophone depth based on the combined 12 month data;

2. histogram illustrating the total number of 2 min ambient noise samples
contained in the yearly spectra for each hydrophone and for each of the eight 5 knot
wind speed groups; and

3. tabulation of the 2 min samples on a month-to-month basis for each wind
speed group and hydrophone depth.

Figure 6 shows the month-to-month and yearly summary .f median ambient
noise spectra levels for each logit frequency band together with the upper and lower
quartile values(denoted by the vertical lines) for the 5 hydrophone depths. The
month-to-month median ambient noisevalues are replotted in figure 7 for each logit
band of frequencies ranging from 11 to 1414 Hz and for each hydrophone depth against
month-to-month median wind speed values for the entire year.

A comparison of the curves in figure 7 shows a striking similarity in the shapes
of the median ambient noise curves for the year and the shapes of the median wind speed
curves for corresponding periods. This is especially true above 224 Hz for hydrophones
at depths greater than 400 fm (730 m) and above 89 Hz for the 30 fm (55 m) hydrophone.
The yearlywind speed pattern is observed to a lesser degree in the median ambient

noise curve below 224 Hz, except at 17, 22, 112, and 141 Hz. In the two lower bands, 17
and 22 Hz, the apparent similarity between the yearly wind speed patterns and the
median ambient noise curves is suspected to be biological noise generated by the

so-called "20-Hz monster" because the spectra curves in figure 5 show little or no
wind speed dependence at these frequencies. In additon, the spectra curves for

individual months show a peak around 20 Hz that is greater in the winter months; little
or no peaking is observed to exist in the summer months. Seasonal variations in the
ambient noise spectra for different depths versus frequency are shown in figure 8.
The median ambient noise spectra for each hydrophone depth are plotted for all
ambient data recorded during January, April, July, and October* for all data
independent of wind speed conditions and for data recorded only during periods when
wind velocities were between 18 and 22 knots. This was done to isolate variations

J-• *Data from the 30 fm (50 m) hydrophone were not available until July.

m1. 1

I., - -o-
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in the spectra that were the result of different wind speed distributions for each of
the months from seasonal variations caused by factors that are not so readily meas-

V • surable. There is no significant change in spectra level for a given hydrophone depth
F I as a function of season, except those caused by the different wind speed conditions.

The median ambientnoise levels for each of thd four months (for all data independent
' of wind speed) were replotted in figure 9 versus frequency, using hydrophone depth

as the parameter. The difference in the spectra levels as a function of depth are
essentially the same and independent of season.

, I
14

II 111.2

71 _ _ _ _ _ _ _ _ _ _

Lo
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MONTHLY AMBIENT NOISE SPECTRA
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IV. MEAN AMBIENT NOISE LEVEL AND
STANDARD DEVIATION VALUES

The mean value of ambient noise level and the standard deviation (denoted by
the vertical lines) for the entire year of data were computed for each logit band as a
function of 1 knot increments for wind speeds ranging from 0 to 50 knots. The results
for each hydrophone depth (i. e., 30, 400, 1100, 2400, and 2500 fm or 55, 730, 2000,
4400, 4500 m) are shown in figures 10 through 14. As would be expected by reviewing
figure 4 strong winddependence is prevalent in the upperbands (i. e., between 141 and
1414 Hz), with the dependence increasing as frequency increases.

The noise in the 17 to 112 Hz bands is dominated by noise sources other than
wind except at very high wind speeds. The noise in the 11 and 14 Hz bands shows

an increase in level with increasing wind speed only when wind speed exceeds 25 knots.
A greater wind dependence is observed for the 30 fm (55 m) hydrophone than for the
deeper hydrophones, especially at frequencies below 141 Hz. The increased wird
dependence is probably the result of the 30 frn (55 m) hydrophone being located such
that propagation from distant sources was poor. That is, as local wind speed in-
creases, the effects of local sources become more prominant and there is greater
wind dependence. Such dependence decreases with increased hydrophone depth.

The standard deviation is observed to be relatively constant and independent
of wind speeds for frequencies below 141 Hz. Above that frequency the stand-- d
deviation is greatest at low wind speeds, increases with increasing frequency, and
decreases with increasing wind speed. The high variability at the greatest wind
speeds probably results from the small sample size for those speeds.
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V. CUMULATIVE DISTRIBUTION OF

AMBIENT NOISE LEVELS

Cumulative distributions of the ambient noise levels for the entire year of data

were computed in 1 dB increments for each of the logit frequency bands ranging from

11 to 1414 Hz and for each hydrophone depth; the results are shown in figure 15. The

maximum difference in level as a function of hydrophone depth is approximately 17 dB

at 11 Hz. This difference decreases with increasing frequency up to 112 Hz where,

with the exception of 30 fm (55 m) hydrophone, a minimum difference of 2 to 3 dB

is observed between the other hydrophones. Above 112 Hz the difference in level

remains relatively constant up to 1414 Hz, varying between 4 and 7 dB. The relative

degree of wind dependence as a function of frequency is indicated by differences in'

the slopes of the distributions. Little wind dependence is observed between 28 and

89 Hz where the slopes of the curves are more nearly vertical than are those below

22 Hz and above 112 Hz, where the slopes are less vertical (i. e., more wind dependent).

MAimum wind dependence is observed at 1414 Hz.
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VI. CROSSCORRELATION OF AMBIENT NOISE LEVEL WITH WIND SPEED

In order to provide a quantitative measure of the dependence of ambient noise
upon wind speed, time histories of noise and wind speed were sampled every two hours
and cross correlated. This was done for each monthly period and for the entire year
for each frequency band and receiver depth. The results were normalized by the maxi-
mum values and plotted in figures 16 through 19. Figure 16 shows the monthly variation
in coefficient values for 7 selected frequencies and for each hydrophone depth. Figure
17 shows the same coefficient values replottee for the same frequencies for each of
the 12 months to show their variations as a function of depth. Figures 18 and 19
illustrate crosscorrelation coefficients based on the entire year of data showing their
variations as a function of frequency (figure 18) and, for selected frequencies, as a
function of hydrophone depth (figure 19) on a month-to-month basis. No identifiable
pattern in the variations of the correlation coefficient over the entire year that could
be attributed to the monthly variations in the wind speed pattern is observed in figure
16 for hydrophone depths greater than 400 fm (730 m).

The correlation values shown for all bands between 89 and 1414 Hz as a
function of the month for the 30 fm (55 m) hydrophone appear to be directly de- S,
pendent on the monthly wind speed pattern as shown in figure 7. The lack of wind
speed patterns for the deeper hydrophones is probably affected by variations in the
combined shipping and wind speed fluctuation distributions as a function of the month.
The most significant pattern observed in the crosscorrelation coefficient values as
a function of hydrophone depth in figure 17 is the decreasing values of correlation

Sfrom the 30 fm (55 m) hydrophone to the deeper ones and for the 89 and 281 Hz bands
from July through December. The correlation coefficient is shown to be highest at
the 30 fmn (55 m) hydrophone and decreases for some frequencies and for some of the
months at the deeper hydrophone depths. The coefficient values are, as shown in

figure 18, highest in the very lowest and very highest bands, as would be expected
from the results discussed previously. In the mid-frequency range, the correlation
coefficient increases from the non-wind dependent frequencies to the higher wind
dependent frequencies; i. e., from 212 to 1414 Hz the coefficients are essentially
the same.

Figure 19 shows the relatively constant and higher correlation coefficients
as afunction of frequency for the 30 fm (55 m) hydrophone compared to the variation
in the correlation coefficients observed as a function of frequency for 'the deeper

4.= hydrphones. This is probably because the shallow hydrophone was located such
that propagation from distant sources was poor. Consequently, wind speed effects
become more prominent at the shallower hydrophones. The results suggest that
such a site might be considered an area in the open ocean, shielded from long dis-
tant shipping noise, and affected only by wind speed.
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VII. ZERO-AXIS CROSSING TIMES OF THE AUTOCORRELATION FUNCTION
FOR WIND SPEED AND AMBIE.iT NOISE LEVEL TIME SERIES

3Zero-,xis crossing times of the autocorrelation function for the wind speed time
.1; series and ambient noise level time series were obtained for wind speed and ambient

noise data for each of the logit bands. The zero-axis crossing results shown in fig-
ure 20 were plotted on a monthly basis for wind speed data only. The pattern generated
from the monthly zero-axis crossing times shown in figure 20 indicates that monthly :

wind speed data for the Bermuda area are within two distinct time-constant groups.
One time constant, ranging from 22 to 30 hr. represents the wind condition for

winter months and the other, longer, time constant of 36 to 40 hr represents the
summer months. Consequently, results of the zero-axis crossing times of the auto-
correlation function for the monthly ambient noise level time series (for 2400 fm"
(4400 m) data only) were grouped into either characteristically summer or winter.
data and are plotted versus frequency in figure 21.

In general, the overall results for the summer and winter months are similar

(zero-axis crossing times for the summer months are slightly higher than for the
winter) and show that the total ambient noise spectra fall within two distinct zero-axis
crossing times. One time zone, above 212 Hz, has relatively constant zero-axis
crossing times; i. e., averaging values of 28hr duringwinter months and 32 hr during
summer months. These zero-axis crossing times are in good agreement with those
of the wind autocorrelation function. The other zone, below 141 Hz, contains lower
zero-axis crossing times ranging from an average value of 12 hr during winter months
to 15 hr during summer months; it represents the shipping zone. The transitional
zone is represented by the slope of the data curve for frequencies between 141 and
282 Hz where the ambient noise signal is a composite of wind and ship generated
noise sources.

3A. J. Perrone and L. A. King, "Analysis Technique for UltassifyID- Wind-
and Ship-Generated Noise Characteristics," Journal of the Acoustical Somiety of
America, vol. 58, 1975, pp. 1186-1189.
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VIII. AMBIENT NOISE LEVEL DEPTH DEPENDENCE

Seasonal variations in the mean ambient noise spectra level as a function of

depth are plotted in figure 22 for 9 frequencies during January, April, July, and
October. More detailed plots, showing the dependence of ambient noise levels as a
function of depth for 4 wind speed groups using frequency as the parameter are

shown in figures 23 and 24. The data in figure 25 were plotted using hydrophone
depth as the parameter. Except for the level difference resulting from different

wind speed conditions during the various times of the year, the slopes of the depth

curves in figure 22 are relatively parallel to one another and, as a result, no sig-
nificnt change in level "it each of the hydrophone depths appears to occur as a function ,4of season. In figures 23 through 25 the mean ambient noise spectrum levels for the

entire year of data are plotted for the 5 hydrophon'- depths of 30, 400, 1100, 2400,
and 2500 fin (55, 730, 2000, 4400, and 4500 m). At each depth, the average valueof
the ambient noise is plotted for 9 selected frequencies between 11 and 1414 Hz.

The dependence of ambient noise levels as a function of depth is shown in fig-
ure 23 for 4 wind speed groups between 0 and 52 knots. The overall results show
a depth dependence in the ambient noise level as a function of wind speed (figure 23),
hydrophone depth (figure 24), and frequency (figure 25). The variations in ambient
noise levels as a function of depth shown in figure 23 produce a triangular shaped
pattern, which illustrates the changing spect,'um slopes as a function of depth. -The
changing spectrum slope and the ambient noise level depth dependence are rsrobably

caused by the two major directional noise sources existing in the open ocean. One
source is sea surface and is generated by 1r.cal wind speed conditions; the second is

generated by long distance shipping. The lower values of ambient noise. levels at
frequencies below 281 HM for the 30 fm (55 m) hydrophone is, again, the result of

poor propagation from distant sources. It is these sources that are major noise

contributors in the lower frequency bands and, consequently, the noise levels are
observed to be much lower. The levels measured at these frequencies for the 30 fm
(55 m) hydrophone is wind speed dependent only, whereas, for the deeper hydrophone
depths, the received wind speed noise levels are d~minated by the higher noise levels
produced by long distant shipping.
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IX. STANDARD DEVIATION VERSUS HYDROPHONE DEPTH

The standard deviation of the ambient noise data for 3 wind speed groups
(i. e. , data corresponding to records whose associated wind speed values fall within
those three ranges) for the entire year of data are plotted in figure 26 as a function
of frequency for each hydrophone depth. The 5 hydrophone depths were 30, 400,
1100, 2400, and 2500 fathoms (55, 730, 2200, 4400, and 4500 m). The 3 wind
speed groups selected were 3 to 8 knots, 18 to 23 knots, and 38 to 43 knots. The
overall results show that the standard deviation of the ambient noise data is weakly
proportional to hydrophone depth. In additon, the standard deviations are dependent
on wind speed. For the high wind speed group (38 to 43 knots), the variations in the

standard deviation remain relatively constant at approximately 1 dB over the 10 to
1414 Hz range. In the lowest wind speed group (3 to 8 knots), the standard deviation
varies from approximately I dB in the lowest band to a peak of 5.5 dB at 1100 Hz. In
the 18 to 23 knot wind speed group, the standard deviation curve has the same qualitative
behavior as that of the highest wind speed data but its average value is approximately
2. 3 dB. The variance in the mean values of the sound pressure spectrum levels as a
function of frequency at wind speeds below 23 knots is interpreted as resulting from
the superposition of a wind-dependent and a nonwind-dependent source.

The portion of the variation in the ambient noise data attributed to wind-
dependent sources is believed to be quite small and relatively invariant over the entire
frequency range of interest. This would account for the small constant standard
deviations that are found at high wind speeds. On the other hand, the portion caused
by shipping is not constant and depends o'3 the amr'",r+. type, and location of ocean I
traffic; consequently, the noise received may vary, The variation will increase
with increasing frequency because the greater attenu. . of noise in the upper bands
limits the extent of the geographical area in which Lo ruting sources may be present I
and, hence, the total number of such sources.

Qualitatively, it may be said that the shipping noise in the lower bands that
reaches the receiving hydrophones is the result of the superposition of noise fields
associated with a large number of widely distributed sources. The contributions of

1• these sources to the total noise field are relatively less dependent upon the range and
location of the individual sources. At higher frequencies, the noise field at the•[•'•" •..receiving hydrophone is more dependent upon propagation conditions and the location j'

4" of relatively fewer sources at shorter distances.

I~ ~ ~~~~~~ ~~~~~~~~~~~IK recevin hyrpoei2oedpnetuo rpgto odtosadtelcto
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X. WIND SPEED AND WAVE HEIGHT DISTRIBUTIONS

Wind speed and wave height data were recorded at 2 hr intervals during the year.
From these data (approximately 4000 points) histograms of cumulative distributions,
the median values of wind speed (with quartiles), and the median values of wave height
were computed for each calendar month. Figure 27 illustrates monthly histograms
of the wind speed distribution in 5 knot wind speed groups; also shown are the total
number of samples per group for wind speeds ranging from 0 to 52 knots. Cumulative I
wind speed distributions for each month are presented in figure 28. The median values

of wind speed showing the upper and lower quartiles (indicated by the vertical lines) f
were computed on a monthly basis and are denoted by the top curve in figure 29;
the lower curve is the expected median wave height value for the median wind speed
for each calendar month. The highest monthly median wind speed (22 knots) was in
January and the lowest (7 knots) was in August. May through September are char-
acterized by significantly lower wind speeds than are the others. The overall median
wind speed curve and the median wave height curve for the entire year are observed
to be quite similar in shape, as expezted. The relationship of the average wind
speed to average wave height for 1 knot wind speed increments were also computed
from these data; the results are shown in figure 30.
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XI. SUMMARY

The results of ambient noise data recorded simultaneously during a one year
period between January and December 1966 from 5 hydrophones located in the
Northwest Atlantic at depths of 30, 400, 1100, 2400, and 2500 fm (55, 730, 2200,
4400, and 4500 m) have been presented. All hydrophones were bottom mounted j
except those at 1100 and 2400 fm (2000 and 4400 m), these were suspended 60 and
400 ft (18 and 120 m), respectively, above the bottom. The broadband ambient
noise levels from the 5 hydrophones were sampled every 2 hr for 2 min periods.
The results show a dependence in the ambient noise spectrum levels as a function of
depth, frequency, and wind speed. The shallow hydrophone (at 30 fm or 55 m) was
more wind dependent than the deeper ones, especially at frequencies below 281 Hz.
Consequently, the crosscorrelation coefficientvalueof ambient noise level with wind
speed for bands between 89 and 281 Hz is shown to be highest for the shallow hydrophone.
This is probably because the shallow hydrophone was located on the bank and propagation
from distant sources was poor. Consequently, the effect of wind speed is more
prominent for frequencies below 281 Hz at the shallow hydrophone.

Above 281 Hz, the correlation coefficient of the ambient noise spectrum levels
with wind speed is observed to be essentially independent of water depth for all 5
hydrophones. No significant seasonal effects on the mean values of the ambient noise
levels is observed as a function of depth, except for differences in level caused by
the wind speed conditions existing during the different seasons. The standard
deviation of the ambientnoise signal is dependent on wind speed and weakly dependent
on water depth. Variations in ambient noise levels as a function of depth produce
a triangularly shaped pattern that shows an increasing spectrum slope with increasing
water depth. The spectrum slope as a function of depth varies with wind speed. The
difference in ambient noise level between hydrophone depths as a function of frequency
is suspected to be the result of the two major directional noise sources existing in
deep ocean areas. One of these noise sources yields a signal that arrives from aII nearly vertical direction and is generated by local wind speed conditions that affect
the frequency range above 177 Hz, where ambient noise spectrum levels decrease
with increasing depth. This decrease in level as a function of depth becomes larger
with increasing frequency.

The other noise source yields a signal that arrives from the horizontal directiconTi and is generated by long distance shipping; this source affects the frequency rani.c
below 177 Hz. The ambient noise signals in this range arrive at the receiver via the
RSR and RRR paths. The results obtained from the autocorrelation of the ambient
noise data for each logit band between 11 and 1414 Hz indicates that there are two zero-
axis crossing times for the autocorrelation function versus frequency. One zone,
above 212 Hz, shows an average zero axis crossing time of 30 hr (wind dependent
zone) and the other, below 141 Hz, has zero axis crossing times of approximately
12 hr (shipping dependent zone).
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